e Fulagai Foundation, Taipei, Taiwan Citrus tatter leaf virus (CTLV) causes chlorotic leaves with bud union incompatibility in citrus scion and its current incidence in Taiwan is 65%. However, the burden of infection has long been underestimated due to its common latency, and the serious threat of tatter leaf disease should be investigated and addressed without delay. Here, the biological characteristics and genome sequences of Taiwanese isolates are evaluated. Full-length sequencing and phylogenetic analysis of three local isolates revealed similarities with isolates from neighbouring countries, indicating their possible origins. Two mild isolates obtained from Liuchen sweet orange (LCd-NA-1) and kumquat (Kq-6-2-46) were inoculated on indicator plants and exhibited differences in foliar symptom expression and temperature tolerance compared with foreign isolates causing severe disease. Improved quantitative PCR-based detection methods using redesigned primer pairs indicated high sensitivity and specificity for both local and foreign isolates. Similar but delayed systemic symptoms were observed when wildtype virus in vitro transcripts generated from a full-length infectious clone of the Ponkan mandarin isolate (pCTLV-Pk-8) were inoculated on Chenopodium quinoa. These symptoms were unevenly distributed and highly concentrated on the inoculated sides of leaves and top leaves. A single codon mutation (U5642C) in the coat protein transcription start site in the pCTLV-Pk-8 sequence resulted in defective systemic infection, indicating a role for the coat protein in viral movement. The combination of biological assays, improved detection and infectious clone construction provides comprehensive information and a foundation for citrus virus management and further research.
Introduction
Citrus tatter leaf was first reported in latently infected lemon trees (Citrus limon 'Meyer') in California imported from China (Wallace & Drake, 1962) and has since become distributed worldwide (Garnsey, 1964; Miyakawa & Matsui, 1976) . The wide host range of citrus tatter leaf virus (CTLV) includes many citrus cultivars and herbaceous plants (Chenopodium quinoa, Nicotiana spp. and Vigna sinensis). Typical local chlorotic lesions and systemic mosaic symptoms on the leaves of herbaceous plants have been observed following mechanical CTLV inoculation (Yarwood, 1963; Fulton, 1966; Garnsey, 1974) . CTLV inoculation also causes tattered and chlorotic leaves with bud union incompatibility in citrus scion grafted on Citrus excelsa, Rusk citrange and Troyer citrange (Poncirus trifoliata 9 C. sinensis) or Swingle citrumelo (P. trifoliata 9 C. paradisa) (Miyakawa & Matsui, 1976; Zhang et al., 1988) . CTLV is primarily transmitted via mechanical inoculation and infected bud propagation, but no insect vectors have been identified (Garnsey, 1974; Miyakawa & Matsui, 1976) .
CTLV is a member of the genus Capillovirus (family Betaflexiviridae), which includes two species, Cherry virus A (CVA) and Apple stem grooving virus (ASGV) (Martelli et al., 2007) . The single-stranded, positive-sense genomic CTLV RNA is 6496 nt in length with a 5 0 cap and 3 0 polyadenine tail. This sequence contains two open reading frames (ORF1 and ORF2). A 242 kDa polyprotein containing five functional domains (methyltransferase-like, papain-like, helicase-like, RdRp-like proteases and coat protein (CP)) is translated from ORF1, which is associated with replication, and a predicted movement protein (MP) is translated from ORF2 (Ohira et al., 1995; Tatineni et al., 2009b) . CTLV was previously assumed to be an isolate of ASGV based on genome sequencing and serological detection (Magome et al., 1997; Tatineni et al., 2009b; Song et al., 2015) . The CTLV protein expression strategy remains unclear, although Tatineni et al. (2009a) revealed the expression of two 3 0 -terminal subgenomic RNAs (3 0 -sgRNA), containing MP-and CP-coding sequences in sgRNA1 and a CP-coding sequence in sgRNA2.
To study plant virus infection, replication and assembly, infectious clones are an important and useful research tool that can be further incorporated with mutations, insertions or deletions into the viral genome sequence (Vives et al., 2008; Ambr os et al., 2011) . Ohira et al. (1995) first produced an infectious ASGV clone (lily strain) and successfully infected C. quinoa, showing that the 5 0 cap is necessary for infection. In addition, Tatineni et al. (2009b) were the first to construct an infectious clone from a Meyer lemon CTLV isolate to infect Phaseolus vulgaris. However, certain obstacles remain in terms of the reinfection of citrus hosts using in vitro viral RNA transcripts, making it challenging to undertake molecular studies of the citrus virus. According to previous reports, a virion with coat protein is required to infect woody plants via transfection or agroinfiltration for Citrus tristeza virus (CTV) and Citrus leaf blotch virus (CLBV), which indicates that infectious cDNA clones alone are not capable of infection (Satyanarayana et al., 2001; Vives et al., 2008) . Infectious clones have been used as a vector of virus-induced gene silencing (VIGS) in controlling insect transmission of pathogens or facilitating the study of fundamental functional genes in citrus (Hajeri et al., 2014) .
Tatter leaf disease, one of the four major systemic and endemic citrus diseases in Taiwan, in addition to huanglongbing, tristeza and exocortis, has long been present and is commonly detected in up to 50% of citrus plants in field surveys (Cai, 1986; Tsai et al., 2007) . Because of its latent infection characteristics, the severity of tatter leaf disease has been underestimated, and few CTLV-related studies have been conducted worldwide. Here, not only are the biological characteristics of different isolates from Rusk citrange or C. quinoa determined, but also infectious clones from local isolates are constructed to analyse their pathogenicity. This study, which combined biological assays, improved detection and infectious clone experiments, provides comprehensive and basic information for CTLV management and further research.
Materials and methods

Plant preparation, sampling and CTLV sources
Rusk citrange (Citrus sinensis 9 P. trifoliata 'Rusk') and C. quinoa were used as experimental indicator plants. Healthy seedlings were germinated from disinfected seeds treated with 0.5-1% sodium hypochlorite. The following nine citrus cultivars were used in this study: C. microcarpa 'Calamondin', mandarin C. unshiu 'Satsuma', sweet orange C. sinensis 'Liuchen', kumquat Fortunella margarita, sweet orange C. sinensis 'Valencia', mandarin C. reticulata 'Murcott', tangelo C. paradisi 9 reticulata 'Minneola', tangor C. sinensis 9 reticulata 'Ortanique' and mandarin C. reticulata 'Ponkan'. Healthy plants were obtained using the shoot-tip grafting technique (Su & Cheon, 1984) , and all experimental plants were maintained in insect-proof greenhouses under room temperature conditions. For field surveys, five citrus cultivars (Liuchen sweet orange, Tankan mandarin, Murcott mandarin, Ponkan mandarin and Wentan pomelo) were selected from different regions in Taiwan. Each plant was randomly sampled at least three times for nucleic acid extraction. For testing infectious clone infectivity, the same sampling strategy was performed for detecting CTLV in C. quinoa.
CTLV isolates were collected from domestic and foreign regions. Domestic isolates were from the Chiayi Agricultural Experiment Station and included two Liuchen isolates (L214 and L02-2), three kumquat isolates (Kq-6-2-46, Kq-4-2-88 and Kq-88-1), a Ponkan isolate (P-158), a Valencia isolate (Val-2-4-4), a Murcott isolate (Mc-F-1-8), a Minneola isolate (Min-F-1-16), an Ortanique isolate (Ort-STG-684-4) and a Liuchen isolate (LCd-NA-1) from Nan-au town, Yilan county. Foreign isolates, which followed quarantine regulations, were collected from Beihai, Guangxi, China (Calamondin isolate Cal-KS-1), Wenzhou, Zhejiang, China (Satsuma isolates Sat-HY-1 and Sat-HY-2) and Jeju island, Korea (Sat-CJ). A CTLV isolate (CTLV-Pk) from Ponkan mandarin TL3-3, the first isolate that this laboratory isolated, was selected and used to construct an infectious clone and test its pathogenicity. All isolates were maintained in insect-proof greenhouses via grafting or mechanical inoculation onto a healthy citrus cultivar for each isolate.
CTLV bioassay
Based on different geographic regions and citrus cultivars, four representative CTLV isolates (Cal-KS-1, Sat-HY-2, LCd-NA-1 and Kq-6-2-46) were selected. Rusk citrange was bud-grafted onto each CTLV isolate-infected citrus plant, and each isolateinfected leaf was mechanically inoculated onto C. quinoa. Mechanical inoculation was performed with 0.05 M phosphate buffer, pH 7.0, and Celite was used to damage the leaf surface of 4-week-old C. quinoa plants. Pure isolates were obtained following three successive single lesion isolations and were inoculated onto healthy plants housed at 22 or 30°C in greenhouses to induce symptoms.
Nucleic acid extraction from citrus tissues
Plant tissues were extracted using MaestroZol RNA extraction reagent (Maestrogen) following the manufacturer's instructions with minor adjustments, where the samples were incubated at room temperature for 5 min and further extracted with phenol-chloroform, ethanol precipitation and RNase-free water resuspension.
Improved conventional RT-PCR detection for CTLV
Three primer pairs were used and are listed in Table S1 . The universal primer pair (CTLV-636) and specific primer pairs (CTLV-527 and CTLV-501) were analysed using BLAST and designed based on the CP and 3 0 -UTR regions of various CTLV sequences in the GenBank database using MEGALIGN software (DNASTAR ; Table S2 ). These primer pairs amplified 636, 527 and 501 bp products, respectively, from CTLV via RT-PCR. Onestep RT-PCR was conducted as previously described (Hung et al., 2000) . The 25 lL reaction mixture contained 250 ng RNA, and cDNA synthesis was performed using SuperScript II reverse transcriptase (200 U; Invitrogen). After the RT-PCR cycling programme was completed, the RT-PCR product was analysed by performing 1.4% agarose gel electrophoresis.
Real-time RT-PCR CTLV detection
Methods for real-time RT-PCR CTLV detection were modifications of the method described by Feng et al. (2015) . TaqMan primers and probes were designed using Custom TaqMan Gene Expression Assays (Applied Biosystems International; Table S1 ). The concentrations of RNA templates were first measured with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc.) and then diluted to 500 ng lL
À1
. The RNA samples were reverse-transcribed to cDNA using a reverse primer to create templates for real-time PCR. To create a standard curve for CTLV detection, a partial CTLV sequence was amplified with TaqMan primers and further purified using a High Pure PCR Product Purification kit following the manufacturer's instructions (Roche Applied Science). The RT-PCR product was ligated into a pCR2.1 plasmid and transformed into ECOS 9-5 competent cells according to the manufacturer's instructions (Invitrogen). Tenfold dilutions of CTLV plasmid DNA were used as standard samples, with one healthy sample and ddH 2 O included as negative controls in each run to facilitate quantitative analysis.
TaqMan real-time PCR was performed using a StepOne RealTime PCR system (ABI) in a 20 lL reaction mixture containing 29 TaqMan Universal Master Mix II with UNG (Applied Biosystems International), 250 nM TaqMan MGB probe, 900 nM CTLV forward/reverse primer pair and 200 ng DNA template. The amplification cycles consisted of 50°C for 2 min, 95°C for 10 min; then 40 cycles of 95°C for 15 s and 60°C for 1 min. The average cycle threshold (C t ) value was determined in triplicate for each sample for CTLV detection. The data were analysed using STEPONE software v. 2.0. C t values >36.5 were considered negative.
A sensitivity test of the RT-PCR assay with the CTLV-501 primer pair was compared with the real-time RT-PCR assay. A tenfold serial dilution, obtaining 100 ng to 1 fg of total nucleic acid extracts from CTLV-infected Ponkan mandarin, was used for evaluating the sensitivity of RT-PCR and real-time RT-PCR assays.
Full-length sequencing and genomic analysis of CTLV isolates
Three isolates (Kq-6-2-46, LCd-NA-1 and CTLV-Pk) from Taiwan were sequenced using traditional Sanger sequencing methods, and the sequences were uploaded to the GenBank database (accessions AY646511, FJ355920 and JX416228, respectively). Primer pairs were designed using previously described methods (Ohira et al., 1994) , and are listed in Table S3 . Fragment amplification was carried out by performing RT-PCR as described above. Each PCR product was analysed by performing gel electrophoresis and purified using a QIAquick Gel Extraction kit (QIAGEN) following the manufacturer's instructions. The DNA fragments were cloned into pCR2.1-TOPO (Invitrogen), and each fragment was sequenced using an ABI PRISM automated DNA sequencer (Applied Biosystems).
The nucleotide sequences of three Taiwanese isolates were analysed by BLAST against four capillovirus sequences and a cherry virus A (accession NC003689) from the genus Capillovirus as an out-group [CTLV-ML (accession EU553489), CTLV-L (accession D16681), apple stem grooving virus (ASGV) (accession NC001749) and ASGV-P (accession AY596172)] using CLUSTALW alignment (Table S2) . For phylogenetic analyses, a sequence from potato virus X (accession JF430080) from the genus Potexvirus was used as an out-group and analysed by performing UPGMA using distance matrix methods with 1000 bootstrap replicates.
Construction of a CTLV infectious clone
The following protocol is described by Lin et al. (2015) . Briefly, the full-length cDNA fragment from the CTLV-Pk isolate was amplified using a primer pair containing two restriction enzyme sites (ApaI and NotI) and the SP6 promoter sequences (Table S1 ). The full-length fragment was ligated into linearized pBluescript II SK(+) plasmid (Agilent Technologies) and then treated with the two restriction enzymes, ApaI and NotI, to generate a linear fragment (pCTLV-Pk) containing the promoter sequence and CTLV-Pk as a template. Plasmids containing the correct insertions were verified by performing PCR and gel electrophoresis.
In vitro transcription
Plasmids containing CTLV-Pk were linearized with ApaI and NotI to use as templates for in vitro transcription. Capped transcripts of CTLV-Pk were synthesized using a mMESSAGE mMACHINE SP6 kit (Ambion) according to the manufacturer's instructions.
Pathogenicity testing and symptom distribution
In vitro transcripts of CTLV-Pk were diluted in 0.05 M phosphate buffer to a final concentration of 400 ng lL À1 and used to rubinoculate three mature leaves of each C. quinoa plant with cotton swabs. Inoculated and healthy plants were grown separately in a greenhouse with a 16 h light/8 h dark (22°C) cycle, and symptom development was recorded 14, 18, 22, 26 and 30 days post-inoculation (dpi). RT-PCR detection was performed with the top leaf of each plant once every 4 days, starting 2 weeks after inoculation. To evaluate symptom expression, in vitro transcripts of CTLV-Pk-8 were inoculated onto one leaf each of 10 C. quinoa plants, and symptoms were observed for 34 days. Negative control plants for these two experiments were mock-inoculated with 0.05 M phosphate buffer. Each treatment had three biological replicates.
Population dynamics of the infectious clone pCTLVPk-8
Eight plants were inoculated with in vitro transcripts of pCTLVPk-8, and their symptoms were recorded. Viral RNA was detected by performing RT-PCR and real-time RT-PCR at five time points. Viral RNA was detected 18 dpi, and obvious symptoms were observed 26 dpi. To determine the symptom expression, 10 and three plants were inoculated with in vitro RNA transcripts and the wildtype CTLV-Pk isolate as positive control, respectively.
Site-directed mutagenesis
The designed primer pair for site-directed mutation is listed in Table S1 . The following protocol was performed using a QuikChange Site-Directed Mutagenesis kit (Stratagene) according to the manufacturer's instructions. The PCR contained pCTLV-Pk-8 as a template and Phusion High-Fidelity DNA polymerase (New England Biolabs) according to the manufacturer's instructions. After amplification, the restriction enzyme DpnI (10 U lL
À1
) was added to the reaction at 37°C for 1 h, and the mutant product pCTLV-Pk-8-U5642C was confirmed by sequencing. Three leaves from 2-week-old C. quinoa plants were each inoculated with in vitro transcripts of pCTLV-Pk-8-U5642C, symptom development was recorded and CTLV detection was performed. The positive and negative controls consisted of in vitro transcripts of pCTLV-Pk-8 and noninfectious pCTLV-Pk-1, respectively. Each treatment had three biological replicates.
Results
Symptom expression in CTLV bioassay
In the Rusk citrange test, the indicator plants were more susceptible to Chinese isolates (Table 1) . The Sat-HY-2 (Chinese) isolate caused severe leaf curling and chlorosis, whereas the Cal-KS-1 isolate induced severe tatter and distorted leaves 4-8 weeks after inoculation. In contrast, the LCd-NA-1 (Taiwanese) isolate caused mild symptoms, including slight leaf curl, while the Kq-6-2-46 isolate caused severe, obviously chlorotic spots accompanied by leaf distortion (Fig. 1a) . Strong CTLV signals were detected by RT-PCR for all four treatments (Table 1 ). In the C. quinoa test, the indicator plants were more sensitive to Chinese isolates at two temperatures (Table 1) . Under high temperature conditions, symptoms developed more rapidly (5-10 days) following infection with the two Chinese isolates than with the Taiwanese isolate (6-12 days). The Chinese isolates both caused obvious local chlorotic lesions with clear edges on inoculated leaves; the Cal-KS-1 isolate also induced heightened mosaic, chlorotic, curling and systemic epinasty symptoms on top leaves compared with Sat-HY-2 infection. The Kq-6-2-46 isolate caused mild local lesions on inoculated leaves, whereas few chlorotic spots were observed on LCd-NA-1-infected leaves. Moreover, only LCd-NA-1 induced systemic mosaic chlorotic spots on top leaves (Fig. 1b) . Symptom development slowed under low temperature conditions (20-22 days). Obvious partially chlorotic spots were observed on leaves infected by the Chinese isolates, and larger and expanded spots were observed on Sat-HY-2 infected leaves. The opposite results appeared for systemic symptoms. Severely mosaic, chlorotic leaves with curling and distortion were observed on Sat-HY-2 infected plants, whereas no systemic symptoms were observed with Cal-KS-1 infection. The two Taiwanese isolates caused no obvious symptoms on inoculated leaves but did cause distortion and curling symptoms on systemically infected leaves (Fig. 1b) . RT-PCR detection results with C. quinoa were positive and similar to the bioassay results (Table 1) .
CTLV distribution in different citrus tissues
RT-PCR detection was performed on different tissues from two CTLV-infected citrus cultivars (kumquat and Minneola tangelo). Strong CTLV signals were detected in mature and young leaves and stem bark, whereas moderate signals were present in the root, midrib and fruit. No signals were detected in flower tissues (Fig. 2) .
Field survey of CTLV and susceptibility of different scion-rootstock combinations
Compared with a field survey in 2007, CTLV incidence (64.1% on average) increased in all five major citrus cultivars, indicating tatter leaf disease incidence has increased compared with that observed 8 years ago (Table 2) . RT-PCR test results indicated that Liuchen sweet orange on two rootstock cultivars (Swingle citrumelo and Troyer citrange), Ponkan-sour mandarin (C. reticulata) and Murcott-sour orange (Citrus 9 aurantium) (Fig. 3) were positive in CTLV RT-PCR. However, the effects of CTLV infection showed variations on each scion-rootstock combination.
Genomic, amino acid and phylogenetic analyses of CTLV
As shown in Table 3 , 79.4-94% similarity was observed for nucleotide alignment when compared to (Table 3) . Based on phylogenetic analysis of the ORF1 sequences (Fig. 4a) , the Taiwanese isolates were similar to isolates from the USA (CTLV-ML) and China (CTLV-SO). In addition, phylogenetic aa analysis indicated the Taiwanese isolates were similar to Chinese isolates and appeared to derive from the same group, whereas the Japanese isolates belonged to another group (Fig. 4b) .
Construction of an infectious CTLV clone
The construction strategy for an infectious CTLV-Pk clone is shown in Figure S2 . Twenty sequences of the 5 0 end of CTLV-Pk were obtained using 5 0 RACE and were aligned with those of other capilloviruses (Table S2 ). The 5 0 end of CTLV-Pk and those of six other isolates (CTLV-ML, ASGV, ASGV-P, ASGV-A, ASGV-L and CTLV-SO) contained three adenines, whereas two adenines were present in the three other isolates (CTLV-Kq, CTLV-LCd and CTLV-L; Fig. S3 ). In brief, the following process was used to construct an infectious clone: full-length sequences (c. 6.5 kb) from CTLV-Pk were amplified, and three clones containing the CTLV-PK sequence (pCTLV-Pk-8, -18 and -47) were selected and confirmed by restriction enzyme cleavage. The 6.5 kb full-length pCTLV-Pk-8 RNA in vitro transcript was confirmed by electrophoresis (Fig. S4) . 
Pathogenicity testing of the infectious pCTLV-PK-8 clone
At 10 dpi on C. quinoa, local lesions appeared on inoculated leaves, and systemic chlorotic spots were observed on newly emerged leaves at 14-16 dpi. More severe chlorotic spots on new leaves and apical leaf distortion were observed at 24-30 dpi, at which point symptoms of chlorotic spots also appeared on lateral leaves (Fig. 5a ). In addition, small and distorted new leaves and some epinastic leaves were observed compared with healthy plants, shown from the top (Fig. 5b) and side (Fig. 5c) . Out of three clones, only the pCTLV-PK-8 clone was infectious in a pathological test of 10 indicator plants and had an infection rate of 73.3%. Similar symptom development was observed on C. quinoa following CTLV from Ponkan mandarin (CTLV-Pk), kumquat (CTLV-Kq), Liuchen sweet orange (CTLV-LCd), Meyer lemon (CTLV-ML), lily (CTLV-L); apple stem grooving virus from apple (ASGV), pear black necrotic leaf spot isolate of ASGV (ASGV-P); cherry virus A (CVA). nd, not determined.
Plant Pathology (2018) 67, 995-1008 infection with the wildtype isolate CTLV-Pk or the in vitro transcript of pCTLV-Pk-8 (Fig. 6a) . Furthermore, symptom development was delayed by an average of 2-4 days with in vitro transcript infection compared with wildtype virus infection (Fig. 6b) . RT-PCR detection using specific primers (CTLV-501) confirmed the presence of pCTLV-Pk-8 RNA in inoculated leaves and systemically infected leaves; additionally, virions were able to infect the systemic leaf passages of C. quinoa via infected leaf-sap inoculation (Fig. S5 ).
Population dynamics of the infectious clone pCTLVPk-8 and symptom expression on C. quinoa
The sensitivity and specificity in real-time RT-PCR was determined and the quantitative method showed reliable results for detecting CTLV (Fig. 7) . As shown in Table 4 , at 34 dpi, the progress of symptom development on eight plants was recorded. The increasing populations of CTLV in C. quinoa were detected with the increasing time after inoculation by quantitative RT-PCR. The preliminary result showed that symptoms might appear to develop unevenly and in the same direction starting from the inoculated leaf site (Fig. S6) . With thorough 360°o bservation, no symptoms were observed in the opposite direction of the inoculated leaf site, and the top leaves showed symptoms at later stages. Similar results were observed with positive controls.
Inoculation test of a site-mutated CTLV isolate
A mutant (pCTLV-Pk-8-U5642C) was obtained by sitemutating the translation start codon (U5642C) of the CP (Fig. 8a) . Noninfectious CTLV-Pk RNA and infectious RNA from pCTLV-Pk-8 were used as negative and positive controls, respectively. At 20 dpi, no Figure 4 Phylogenetic trees derived from full-length genome sequences (a) and ORF1 aa sequences (b) of citrus tatter leaf virus (CTLV) isolates from Ponkan mandarin (CTLV-Pk) and other capilloviruses. Trees were constructed with MEGA 5.0 using the UPGMA method with 1000 bootstrap replications. Potato virus X (PVX) (JF430080) was used as the out-group. Bars indicate numbers of nucleotide substitutions per site. The accession numbers for each isolate are listed in Table S2 .
Plant Pathology (2018) 67, 995-1008 symptoms appeared on inoculated and uninoculated leaves following inoculation with the mutant CTLV-Pk RNA compared with the chlorotic spots observed on pCTLV-Pk-8-infected leaves (Fig. 8b) . RT-PCR detection indicated viral signals were present only in leaves inoculated with the mutant and not in uninoculated leaves (Fig. 8c) .
Discussion
In this study, analyses of the biological characteristics of CTLV isolates indicated that the two Chinese isolates were high-temperature tolerant (Cal-KS-1) and lowtemperature tolerant (Sat-HY-2) types, respectively, whereas both Taiwanese strains were low-temperature Plant Pathology (2018) 67, 995-1008 tolerant types. Previously, severe leaf curling, and typical chlorotic and tatter leaves were observed on Rusk citrange infected with Chinese isolates (Garnsey & Jones, 1968; Zhang et al., 1988) . In the present study it was observed that symptoms developed earlier on C. quinoa plants grown under high temperature, which was the opposite to previous reports showing that severe symptoms developed at lower temperatures (Cai, 1986; Tatineni et al., 2009b) . High-temperature tolerant isolates may pose a potential threat in subtropical and tropical regions. Further research should focus on the collection and analysis of other previously uncharacterized isolates.
Conventional and quantitative RT-PCR protocols were developed, and three primer pairs designed for universal (CTLV-636) and isolate-specific (CTLV-501 and CTLV-527) detection. More isolates from different regions are required to confirm the ability of the primers to distinguish between local and foreign CTLV isolates. Universal primers may help to detect latent infection before it leads to widespread disease in the field, and/or facilitate the conservation of healthy stock citrus cultivars (Table S4) . The sampling of different tissues revealed the presence of Table 4 The symptom expression and RT-PCR detection of apical leaves of Chenopodium quinoa infected by in vitro RNA transcripts from full-length cDNA clone of pCTLV-Pk-8. The sensitivity and accuracy of the molecular detection of CTLV are important, because field surveys have detected an increase in the incidence of this disease over the past 8 years (Cowell et al., 2017) . The alignment of CP and variable region sequences revealed differences among isolates from different countries, indicating that geographical isolation may be a factor in the variability among CTLV isolates. In contrast, seedling-yellows strains of Citrus tristeza virus (CTV) from different regions showed similar biological characteristics and few sequence differences (Mawassi et al., 1993; Yang et al., 1999) . There is some evidence showing that CTLV originated in China (Wallace & Drake, 1962) . Based on the present results, it is hypothesized that different isolates have evolved in different regions via the transportation and distribution of latently infected plant materials, while limited transmission pathways in the absence of insect vectors has restrained the recombination frequency (Miyakawa & Matsui, 1976) . The highly similar phylogenetic relationship between CTLV and ASGV suggests that they are two different strains of the same virus (Magome et al., 1997; Tatineni et al., 2009b) . The amino acid alignment revealed sequence differences at two sites in the ORF1 region (VRI and VRII; amino acids 532-570 and 1583-1868), but the significance of these variations is unclear. Thus, further research should focus on the differences between these two viruses based on their biological and molecular characteristics.
The sequence alignment analysis revealed very high sequence conservation in the genome (99.6-99.8%), ORF1 (99.5-99.8%), CP (99.6-100%) and movement protein (100%) sequences among pCTLV-Pk-8, -18 and -47. Nucleotide differences may indicate that there were different original isolates in the host plants, or may have been generated during the cloning process (Magome et al., 1997; Drake & Holland, 1999) . Among these three clones, there were 10 amino acid variations that were not located in functional domains (Table S6) . Within ORF1, amino acid residue 1749 of pCTLV-Pk-8 differed (valine to alanine) from the conserved amino acid sequence in other capilloviruses. This site was located in the VRII region and did not appear to affect pathogenicity in C. quinoa, although further tests should be conducted to test its pathogenicity for citrus hosts. The progress of symptom development was analysed, and it was observed that the virus moved vertically via transportation tissues to new leaves in the host plant, similar to the route of nutrient transport (M as & P allas, 1996) . The virus was also concentrated in the regions around inoculated leaves during the early stages of infection, and later moved throughout the whole plant. Previous reports have shown that the translation start site of the CTLV CP is located at 5641 nt (Ohira et al., 1995; Tatineni et al., 2009b) , and that this protein may be produced from a sgRNA (Tatineni et al., 2009a) . As shown by Yoshikawa et al. (1992) , the CP of ASGV is expressed via a sgRNA rather than a polyprotein. Hirata et al. (2010) and Komatsu et al. (2012) demonstrated that ASGV mutants with distinct and discontinuous Repand CP-coding regions successfully infected plants, indicating that a CP expressed via a sgRNA is sufficient for virus viability. In addition, these researchers identified the translation start site for the CP and showed that the CP was essential for ASGV infection. To clarify the role of the CTLV CP, the present study mutated the start codon in pCTLV-Pk-8. The mutant RNA did not cause systemic infection, and the virus did not accumulate in uninoculated leaves. Thus, an incomplete CTLV ORF1 polyprotein was sufficient for replication but the CP expressed from the sgRNA was required for systemic infection.
This study focused on the biological and molecular characterization of CTLV isolates and improved the sensitivity and specificity of available detection methods. Standard protocols, including a bioassay and molecular detection, are essential tools to prevent infection by exotic and frequently severe isolates, and permit the early detection and removal of local latent infections. The construction of an infectious CTLV clone, the first local isolate, represents a useful tool for further functional and genetic research on virus replication, movement and pathogenicity. This infectious clone will also benefit the development of a virus-induced gene silencing (VIGS) vector for further in planta studies. 
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